Unloading induces bone loss as seen in experimental animals as well as in space flight or in bed-ridden conditions; however, the mechanisms involved in this phenomenon are not fully understood. Klotho mutant mice exhibit osteopetrosis in the metaphyseal regions indicating that the klotho gene product is involved in the regulation of bone metabolism. To examine whether the klotho gene product is involved in the unloading-induced bone loss, the response of the osteopetrotic cancellous bones in these mice was investigated. Sciatic nerve resection was conducted using klotho mutant (kl/kl) and control heterozygous mice (+/kl) and its effect on bone was examined by micro-computed tomography ( CT). As reported previously for wild-type mice (+/+), about 30% bone loss was induced in heterozygous mice (+/kl) by unloading due to neurectomy within 30 days of the surgery. By contrast, kl/kl mice were resistant against bone loss induced by unloading after neurectomy. Unloading due to neurectomy also induced a small but significant bone loss in the cortical bone of the mid-shaft of the femur in the heterozygous mice; no reduction in the cortical bone was observed in kl/kl mice. These results indicate that klotho mutant mice are resistant against bone loss induced by unloading due to neurectomy in both cortical and trabecular bone and indicate that klotho is one of the molecules involved in the loss of bone by unloading.
Introduction
Unloading-induced enhancement of bone loss has been seen in many cases, including space flight, in long-term bed-ridden patients (Morey & Baylink 1978) , and in tail-suspension in rodents (Wronski & Morey 1982 , Simske et al. 1992 . Unloading by hindlimb immobilization due to neurectomy also induces bone loss (Turner & Bell 1986 , Wakley et al. 1988 . This reduction in bone mass is caused by an initial decrease in bone formation and subsequent increase in the osteoclastic bone resorption (Weinreb et al. 1989 , Murakami et al. 1994 , Zeng et al. 1996 , Sakai et al. 1996 , Shen et al. 1997 . Neurectomy decreases the parameters of endosteal bone formation in the tibiae of mice with a subsequent increase or no increase in the eroded surface or the size of medullary cavity at 4 weeks after surgery (Kodama et al. 1999) . However, the molecules involved in unloading-induced bone loss have not fully been investigated. Klotho mutant mice (kl/kl mice) exhibit osteopetrosis in the metaphyseal region of femur, tibia and in both the cephalic and caudal ends of vertebral bodies (Kuro-o et al. 1997 , Yamashita et al. 1998 , Kawaguchi et al. 1999 . Osteoblasts and osteoclasts do not by themselves express the klotho gene product (Kuro-o et al. 1997) ; however, the deficiency of this gene appears to influence the activity of at least one type of bone cells, namely the osteoclasts. Marrow ablation studies indicated that resorption of the marrow bone was impaired in klotho mutant mice (Yamashita et al. 2000b) , whereas formation of new bone marrow after ablation was not impaired (Yamashita et al. 2000b) . This interesting in vivo feature on the defect in osteoclastic bone resorption leads to the characteristic structures of cancellous bones in the klotho mutant mice (Yamashita et al. 2000a) . As these mice are resistant to the resorption of bones, klotho could be involved in regulation of bone metabolism by favoring bone resorption. In this paper, we investigated whether unloading-induced bone loss in the hind limb of neurectomized mice is influenced by the lack of the klotho gene product.
Materials and Methods

Animals
Klotho mutant (kl/kl) mice and heterozygous (+/kl) littermates were created by mating heterozygous mice having mutations in the klotho gene locus (C3H/J and C57BL/6J mixed background). All experiments were performed according to the Institute's guidance for the care and use of laboratory animals.
Neurectomy
A total of 10 kl/kl and 16 +/kl heterozygous mice were used for this study (4-6-weeks-old at the start of experiments). Animals were anesthetized with sodium pentobarbital (40 µg/g body weight). A 5-6 mm segment of right sciatic nerve was resected. As a control, the left sciatic nerve was exposed surgically but was not resected. At 13 and 30 days after surgery, mice were killed and the femora and tibiae were dissected and subjected to morphometry.
Morphometric analysis
For micro-computed tomography ( CT) analysis, we used Musashi (NS-ELEX, Tokyo, Japan) to analyze bone in a mid-sagittal plane at the distal end of the femur. The sampling sites were determined on the basis of the scout view of every sample taken before the CT measurement to assure the consistency and reproducibility of the analyses. In addition, tomographs of a cross-sectional plane of the mid-shaft of the femur were obtained by using CT20 (SCANCO Medical, Basserdorf, Switzerland). Thresholds were set at 140 and 165 for Musashi and CT20, respectively (Yamashita et al. 2000a) . Two-dimensional CT images were binarized, and bone areas were quantified by using a Luzex-F image-analyser (NIRECO, Tokyo, Japan). Trabecular bone volume was analyzed in a rectangle tissue area (0·28 2·8 mm) in the metaphyseal region 0·1 mm away from the growth plate at the distal end of the femora. For morphometry of cortical bones, we used tomograms of the cross-section of the mid-shaft of the femur. Cortical bone area (B.Ar) and bone marrow area (Ma.Ar) were measured.
Statistical analysis
All data are expressed as means ... The difference in the categorical values were compared by Wilcoxon's signed rank test, whereas continuous data were compared by ANOVA and Bonferroni correction for multiple comparisons. P values <0·05 were considered significant.
Results
As a control, we used +/kl mice in our experiments. In these mice trabecular bones in the femora on the neurectomized side became slightly sparse on day 13, and by day 30 the trabecular bone in the metaphyses was much sparser and thinner in the neurectomized side compared with the contralateral sham-operated side (Fig. 1) . In contrast to +/kl heterozygotic mice, the trabecular bones in the metaphyseal regions of kl/kl mice were relatively dense as reported previously (Yamashita et al. 2000a (Yamashita et al. , 2000b (Fig.  1) . In these mice the neurectomy did not appreciably alter the trabecular pattern compared with the contralateral side on day 13 and 30 after the surgery (Fig. 1) . Similar to the observation in the femora, neurectomy also induced sparsity in the trabecular bone of the tibiae in +/kl type but not in kl/kl mice based on CT analysis. There was no significant difference in the femoral length between +/kl and kl/kl mice at 30 days after surgery (data not shown).
Quantification of the trabecular bone volume (BV/TV) was conducted and the ratios (right/left) of bone volume (BV/TV) in neurectomized side (right) femur over that (BV/TV) in sham-operated (left) femur were calculated. As shown in Fig. 2 , bone volume in the +/kl mice was reduced by approximately 13% by day 13 and by 31% by day 30 after neurectomy (P<0·05). By contrast, bone volume reduction induced by neurectomy in kl/kl mice was approximately 9% by day 13 and 8% by day 30, indicating clearly the resistance of these animals to neurectomy-induced bone volume reduction (Fig. 2) .
We next examined the effect of unloading due to neurectomy on the cortical bones in kl/kl and +/kl mice as their response to neurectomy may be different from that in trabecular bones. The morphology of cortex of the midshaft of femur in the plane perpendicular to the long axis of bone was investigated by two-dimensional CT analysis. Thirty days after neurectomy, cortical bones in +/kl mice become thinner (Fig. 3) as described previously for wild-type mice. Quantification of these cross-sections of the cortical bones indicated that B.Ar in the neurectomized side femora (right) of +/kl mice was reduced by 16% compared with that in the sham-operated side (left) (Fig. 4; P<0·05) . By contrast, no such reduction was observed in the cortical bone area of the femora of kl/kl mice (Fig. 4, kl/kl) . The values for bone area in loaded (left) side femora were similar between kl/kl and +/kl mice. No statistically significant difference was observed in the Ma.Ar, regardless of neurectomy and genotypes. Because the geometric shape and the size of the bones and the effect of the genotype might be affected by weight of the animals, we compared the body weight of the mice. The body weights (mean standard deviation) of the +/kl mice and kl/kl animals at the time of neurectomy were 18·7 3·6 and 17·7 1·5 (g) wherease those at the end of the 30-day period were 23·1 2·4 and 22·0 2·6 (g) respectively. Thus, body weight is not a factor affecting the effects of neurectomy on the bones of the klotho mutant mice compared with the bones of +/kl mice.
Discussion
In this paper we report that klotho mutant (kl/kl) mice are resistant against bone volume reduction induced by unloading due to neurectomy. The resistance to bone volume reduction was clearly observed in the trabecular bone as well as in the cortical bone in the mid-shaft of the femur. Because unloading is one of the major causes of osteoporosis in bed-ridden patients or astronauts, it is important to understand the mechanism of the effects of unloading on bones to contemplate measures to treat or to prevent the diseases. Neurectomy-induced unloading is a model relevant to the bone loss in patients with paralysisinduced unloading. Our current data indicate that loss of the klotho gene product modulates the osteoporosis observed in the neurectomy model. As neurectomy-induced bone volume reduction was prevented in klotho mutant mice, the loss of the klotho gene could either prevent increase in osteoclastic acitivity and/or could suppress the impairment in osteooblastic activity due to unloading induced by neurectomy. We previously observed that after bone marrow ablation kl/kl mice can form new trabecular bone similarly to wild-type and +/kl mice, whereas bone resorption that occurs subsequent to bone formation in wild-type and +/kl mice is severely impaired in kl/kl mice (Yamashita et al. 2000a ). In the marrow ablation model, we observed that expression of receptor activator of nuclear factor kappa (RANK)L and RANK were normal but osteoprotegerin/ osteoclastogenesis inhibitory factor (OPG/OCIF) levels were significantly higher in kl/kl mice than wild-type or +/kl mice. The resistant to bone resorption induced by unloading due to neurectomy could also be due, at least in part, to the relatively high levels of OPG/OCIF in the bone marrow tissues in kl/kl mice. Marrow ablation data clearly indicated the presence of the impairment in bone resorption activity in klotho mutant mice; thus at least some of our observations could be due to the impairment in bone resorption. Whether the absence of the klotho gene could also suppress reduction in bone formation due to neurectomy is still to be determined.
It is not fully understood whether loading and unloading regulate calcium behavior via the alternation of the levels 
Figure 4
The klotho mutant mice were resistant to reduction in the cortical bone area of femora 30 days after neurectomy. Cortical bone area (B.Ar) of femora decreased significantly in +/kl mice, while kl/kl femora were resistant to the loss of cortical bone. Asterisk (*) shows significant (P<0·05) differences. B.Ar: cortical bone area; Ma.Ar: bone marrow area.
of systemic factors. Our data indicate that the klotho gene product could act in favor of unloading-induced bone loss and suggest that OPG/OCIF administration may prevent bone loss due to unloading at least in part. Because the klotho gene is expressed in extraskeletal tissues such as kidney, but not in bone, the klotho gene product could function as a humoral factor. In klotho mutant mice, a part of the gene product does not have a transmembrane domain and could therefore be released as a soluble form . Parabiosis experiments have supported this idea (Saito et al. 1998) .
Although +/kl heterozygote mice could reveal phenotypes in some cases such as vascular response to certain stimuli (Saito et al. 1998) , bone loss due to unloading by neurectomy was similar in wild-type and +/kl mice. In addition, osteopetrotic changes were not observed in heterozygote (+/kl) mice. Therefore, resistance to bone loss due to unloading requires homozygous mutation in the klotho gene locus.
It is known that tail suspension model is more preferable as an unloading model than neurectomy. However, we could not use this model as kl/kl mice are susceptible to stress and can die when subjected to a major stress such as tail suspension. Therefore, the neurectomy model, which is less stressful, was chosen. As neurectomy could also induce many other stresses in addition to unloading, we cannot attribute the phenotype to the unloading alone. Nevertheless, +/kl heterozygote mice are still susceptible to bone loss by unloading similarly to wild-type mice; therefore, we assume that our observations on the reduction of bone loss in kl/kl mice are at least in part due to the alteration in the bone metabolism in the kl/kl mice.
In conclusion, mechanical unloading-induced bone loss requires the presence of the klotho gene products. Thus, the klotho gene product is acting as a factor favoring unloading-induced bone volume reduction.
